ABSTRACT: This paper introduces a novel bacterial identification assay based on thermal wave analysis through surfaceimprinted polymers (SIPs). Aluminum chips are coated with SIPs, serving as synthetic cell receptors that have been combined previously with the heat-transfer method (HTM) for the selective detection of bacteria. In this work, the concept of bacterial identification is extended toward the detection of nine different bacterial species. In addition, a novel sensing approach, thermal wave transport analysis (TWTA), is introduced, which analyzes the propagation of a thermal wave through a functional interface. The results presented here demonstrate that bacterial rebinding to the SIP layer resulted in a measurable phase shift in the propagated wave, which is most pronounced at a frequency of 0.03 Hz. In this way, the sensor is able to selectively distinguish between the different bacterial species used in this study. Furthermore, a dose−response curve was constructed to determine a limit of detection of 1 × 10 4 CFU mL −1 , indicating that TWTA is advantageous over HTM in terms of sensitivity and response time. Additionally, the limit of selectivity of the sensor was tested in a mixed bacterial solution, containing the target species in the presence of a 99-fold excess of competitor species. Finally, a first application for the sensor in terms of infection diagnosis is presented, revealing that the platform is able to detect bacteria in clinically relevant concentrations as low as 3 × 10 4 CFU mL −1 in spiked urine samples.
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ABSTRACT: This paper introduces a novel bacterial identification assay based on thermal wave analysis through surfaceimprinted polymers (SIPs). Aluminum chips are coated with SIPs, serving as synthetic cell receptors that have been combined previously with the heat-transfer method (HTM) for the selective detection of bacteria. In this work, the concept of bacterial identification is extended toward the detection of nine different bacterial species. In addition, a novel sensing approach, thermal wave transport analysis (TWTA), is introduced, which analyzes the propagation of a thermal wave through a functional interface. The results presented here demonstrate that bacterial rebinding to the SIP layer resulted in a measurable phase shift in the propagated wave, which is most pronounced at a frequency of 0.03 Hz. In this way, the sensor is able to selectively distinguish between the different bacterial species used in this study. Furthermore, a dose−response curve was constructed to determine a limit of detection of 1 × 10 4 CFU mL −1 , indicating that TWTA is advantageous over HTM in terms of sensitivity and response time. Additionally, the limit of selectivity of the sensor was tested in a mixed bacterial solution, containing the target species in the presence of a 99-fold excess of competitor species. Finally, a first application for the sensor in terms of infection diagnosis is presented, revealing that the platform is able to detect bacteria in clinically relevant concentrations as low as 3 × 10 4 CFU mL −1 in spiked urine samples. KEYWORDS: surface-imprinted polymers, thermal wave transport analysis (TWTA), bacterial identification, cross-selectivity matrix, mixed bacterial solution A ccurate, sensitive, and fast bacterial identification is of major importance due to the risk these microorganisms impose on human health, causing conditions ranging from common illnesses to mortal infections and even pandemics. Portable bacterial assays that are able to detect bacteria in a fast and sensitive manner could be used for a wide range of applications, including the prevention of hospital-acquired infections (HAIs) or the detection of pathogens in food and drinking water. According to the annual report of the Centers for Disease Control and Prevention (CDC) 727,000 people acquired a HAI in 2011 in the United States alone, of which 75,000 patients died during hospitalization. 1 The annual costs associated with the five major HAIs amounts were $9.8 billion in 2013. 2 In addition, diseases caused by waterborne pathogens cause up to 1.8 million of human deaths annually on a global scale according to the World Health Organization. 3 Bacterial assays that can be used on-site for routine screening of, for example, health care surfaces or environmental samples could lead to a faster bacterial identification and detection, which enables the installation of appropriate countermeasures. Conventional bacterial identification assays are usually based on laboratory techniques and involve fluorescent labeling and microscopic analysis, making them typically slow and limiting their sensitivity and selectivity. 4 Molecular techniques based on genetic screening, polymerase chain reaction (PCR), and realtime PCR have been developed more recently and are able to identify bacteria in a fast and sensitive manner. However, their applicability in point-of-care bacterial detection is limited as they require sample preparation and expensive readout devices and need to be used in a laboratory environment by trained professionals. 5−7 Over the years, various biosensor platforms for bacterial identification have been developed that offer a fast and low-cost alternative to these traditional assays. The key element for selective detection in these sensors is the biological recognition layer, which in the case of bacterial detection typically consists of enzymes 8 or monoclonal antibodies. 9 Rebinding of bacteria to the receptor layer usually results in a physical or chemical change at the sensor surface that is translated into a measurable signal by electrochemical, 8−11 optical, 12−14 or microgravimetrical transducers. 15−17 Although biological recognition elements are very selective, their chemical and physical stabilities are poor. Additionally, they have to be isolated from natural sources and purified, making their synthesis typically labor intensive and expensive. Finally, they are not compatible with most transducer surfaces, which necessitates the need for carefully optimized linker surfaces. 18, 19 Synthetic cell receptors such as surface-imprinted polymers (SIPs) can overcome many of the problems associated with natural receptors while displaying similar degrees of sensitivity and selectivity. 20−22 In recent years, SIP-based biomimetic sensor platforms for microbial identification have been developed on the basis of microgravimetric, 23−25 optical, 26−29 and electrochemical detection principles. 30−32 In 2012, a novel readout technology was developed that has shown to be very versatile in terms of biosensing. 33, 34 This technique, the so-called heat-transfer method (HTM), is based on analyzing thermal transport through functionalized solid− liquid interfaces and has been combined with SIPs for the detection of macrophages, cancer cells, and bacteria.
35−39 HTM offers several benefits in comparison to "classical" biosensor readout principles: it is a low-cost platform that requires little instrumentation, which, in turn, allows for miniaturization. In addition, it can be used "on the bench", and data processing and analysis are relatively straightforward. As thermal currents are analyzed, HTM can also be combined with insulating materials and analyte liquids. Finally, most biosensor readout technologies require some form of temperature control, whereas HTM is in itself essentially a thermal control unit that simultaneously serves as the readout platform.
The major drawbacks associated with HTM are the inherent noise on the thermal resistance signal and the need for comparing thermal resistance values at equilibrium, which limit the sensitivity and the response time of the technique, respectively. Therefore, a similar readout method that analyzes the propagation of a thermal wave through a functionalized interface rather than its thermal resistance was combined with molecularly imprinted polymers (MIPs) for the detection of dopamine in banana juice. 40 This technique, thermal wave transport analysis (TWTA), showed to be advantageous over HTM in terms of response time and sensitivity. In this work, TWTA is used to analyze bacterial rebinding to SIP-coated aluminum chips. Polyurethane layers were imprinted with nine different bacterial targets, and dose−response curves were obtained for each SIP, clearly indicating that bacteria can be detected both qualitatively and quantitatively in concentrations as low as 1 × 10 4 colony-forming units (CFU) mL
. In addition, cross-selectivity for all species was assessed and detection of Staphylococcus aureus in the presence of a 100-fold excess of eight competitor bacteria was established. In a final set of experiments, a first application in terms of infectious disease diagnosis is presented. To assess the potential of the platform for urinary tract infection (UTI), urine samples were spiked with increasing concentrations of Escherichia coli and analyzed using HTM. These measurements indicate that the sensor was able to detect bacteria in urine in physiologically relevant concentrations as low as 3 × 10 4 CFU mL −1 . The bacteria were cultured using growth conditions according to ATCC. All broth and agars were made following the directions stated on the product. The microbes were plated onto an agar plate and were grown overnight at 37°C. Nonfastidious bacteria were plated onto tryptone soy broth (TSB) agar, whereas fastidious bacteria were plated onto a brain−heart infusions agar. C. dif f icile was grown in 8 mL of 0.1% L-cysteine-reduced blood brain infusion broth. Afterward, the respective broths were inoculated with a single colony and 
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Article allowed to grow overnight at 37°C while shaking. Prior to imprinting, 5 mL of the overnight culture was diluted in 20 mL of the respective broth and allowed to grow at 37°C until an OD 600 of 1. One milliliter of the broth was harvested for cells by centrifugation at 6000 rpm for 1 min. The pellet was washed with sterilized PBS, and resuspended in 1 mL of PBS, resulting in an approximate cell concentration of (5−9) × 10 8 cells mL
. This solution was further diluted to achieve desired concentrations for imprinting and measuring.
Preparation of Bacteria-Imprinted Polyurethane Layers. Polyurethane layers were synthesized by dissolving 122 mg of 4,4′-diisocyanatodiphenylmethane, 222 mg of bisphenol A, and 25 mg of phloroglucinol in 500 μL of anhydrous tetrahydrofuran (THF). All reagents had a purity of at least 99.9% and were used as received (Sigma-Aldrich N.V., Diegem, Belgium). The mixture was gently stirred and allowed to polymerize at 65°C until the gelling point was reached, after which the solution was diluted with anhydrous THF in a 1:5 ratio. Aluminum chips with a mirror finish were coated with polyurethane by spin coating at 2000 rpm for 60 s.
In parallel, PDMS stamps (Sylgard 184 silicone elastomer kit, Mavom N.V., Schelle, Belgium) were covered with a solution of bacteria in phosphate-buffered saline (PBS, concentration 1 × 10 7 CFU mL
). After the bacteria had sedimented toward the surface of the stamp for 3 min, the excess buffer was removed by spin coating at 3000 rpm for 60 s, leaving behind a firm monolayer of bacteria on the surface of the stamp. The stamp was gently pressed onto the polyurethane-covered chip, and the polymer was cured at 65°C overnight under inert atmosphere. The stamp was removed, and template bacteria were washed off using ethanol and PBS, leaving behind microcavities on the surface of the stamp.
Sensor Setup and Measuring Methodology. The sensor setup is shown in Figure 1 , and its use in biosensing assays has been described earlier.
33,40 SIP-covered aluminum chips were pressed onto a copper block, serving as a heat provider. The temperature of the copper, T 1 , was monitored by a thermocouple and actively steered by a proportional− integral−derivative controller (P = 8, I = 1, D = 0). The SIP layer was exposed to buffer and cell solutions by means of a poly(methyl methacrylate) (PMMA) flow cell with an inner volume of 110 μL and sealed by an O-ring, defining a contact area of 28 mm 2 between the chip and the liquid. The temperature inside the flow cell was measured by a second thermocouple.
At the beginning of each experiment, the system is allowed to stabilize in PBS (pH 7.4) for 60 min. Rebinding is studied by injecting 3 mL of bacterial suspension in PBS into the cell at a controlled flow rate (2.5 mL min −1 ). After each injection, the signal is allowed to stabilize for 0.5 h. At the end of each plateau a thermal wave is produced with an amplitude of 0.10°C at an increasing frequency (from 0.01 to 0.05 Hz). The resulting Figure 2 . TWTA of an E. coli-SIP in response to an increasing concentration of target bacteria. The time-dependent temperature profile indicates that the temperature inside the flow cell decreases as a function of E. coli concentration (a). Analysis of the transmitted wave at all frequencies reveals a phase shift that becomes more pronounced at increasing E. coli concentrations (b). The bode plot reveals that the resolution is optimal at 0.03 Hz (c). A dose−response curve was constructed by plotting the absolute value of the phase shift as a function of the concentration on a logarithmic scale. The data were fitted with a sigmoidal fit (R 2 = 0.98). The blue dashed line indicates the 3σ value that determines the limit of detection (d).
Article thermal wave is transported through the SIP layer, and the output wave is recorded by a second thermocouple, monitoring the temperature inside the flow cell, T 2 , in time. The corresponding delay in the phase φ′ and the decrease in amplitude α′ of the wave were analyzed as a function of bacterial rebinding to the SIP layer.
■ RESULTS Quantitative Detection of Bacteria. To test if it was possible to detect bacteria in a quantifiable manner using TWTA, SIPs were imprinted with E. coli cells and exposed to an increasing amount of target bacteria in PBS. On the basis of results obtained with a similar platform, a dilution series of bacteria was made with a concentration range that corresponds to the linear response regime of the sensor. 39 Therefore, a stock solution with a bacterial concentration of 1 × 10 7 CFU mL
was diluted 5, 20, 100, 200, 500, 1000, and 2000 times. The SIP layer was exposed to an increasing concentration of bacteria, after which the signal was allowed to stabilize for 30 min. At the end of each stabilization plateau, a thermal wave was transmitted through the sample, and the phase and amplitude of the transmitted wave were analyzed. Between each addition step, the flow cell was consecutively flushed with ethanol and PBS to remove any bound bacteria from the SIPs and thereby 
Article regenerate the sensor surface as demonstrated in previous work. 39 The results of this experiment are summarized in Figure 2 .
The time-dependent temperature data (Figure 2a ) indicate that T 2 decreases as a function of the concentration of bacteria present in the flow cell. These findings are in agreement with previous experiments and indicate that the thermal resistance of the solid−liquid interface increases due to bacteria binding to the SIP. 39 Zooming in on the transmitted thermal wave (Figure   2b ), it can be seen that the phase shift increases as a function of concentration at frequencies 0.01−0.04 Hz. The data reveal that no phase shift is observed at 0.05 Hz due to distortion of the temperature signal. The phase shift is calculated for each concentration and frequency and summarized in a "temperature bode-plot" (Figure 2c ). From these bode-plots it can be observed that the measurement resolution appears to be optimal at 0.03 Hz with a clear phase shift observed at low concentrations that becomes more pronounced with increasing 
The results indicate that each SIP binds its target with only limited or moderate (different E. coli strains) cross-selectivity observed.
• = specific cell binding, ○ = nonspecific cell binding, / = no cell binding. In all three cases, the signal shows a maximum effect upon exposure of the SIP to the mixture, after which the signal falls back upon flushing. The net effect size will increase with each exposure cycle and eventually reaches the limit of detection (dashed line).
Article concentration of target bacteria. These results confirm the results obtained in previous research, using TWTA for dopamine detection in buffer solution and banana juice. 40 The phase shift increases with increasing concentrations until it finally saturates at concentrations >5 × 10 5 CFU mL
. On the basis of these results, 0.03 Hz was chosen as measuring frequency from here on. To determine the limit of detection of the methodology, these data were used to construct a dose− response curve (Figure 2d ). To this extent, the absolute value of the phase shift was plotted as a function of the concentration (logarithmic) scale. The data were fitted using a standard sigmoidal dose−response function (R 2 = 0.98), and the limit of detection was defined as 3 times the maximal standard error on the data (blue dashed line) at 1.01 × 10 4 CFU mL −1 . Similar analyses were performed for SIPs imprinted with A. baumannii, E. coli K12, K. pneumoniae, S. epidermidis, S. aureus, C. dif f icile, E. cecorum, and P. aeruginosa. The results of these experiments are summarized in Table 1 (detailed information can be found in the Supporting Information, section S1) and reveal a similar pattern for all bacterial species: a concentration-dependent phase shift that can be observed in the transmitted wave and saturates at higher concentrations and a limit of detection between 1 × 10 5 and 2 × 10 5 CFU mL
Cross-Selectivity Matrix. To address the selectivity of the platform, each of the SIPs was consecutively exposed to eight analogue bacteria and, finally, the target. At each exposure step a bacterial suspension in PBS (pH 7.4, concentration 1 × 10 7 CFU mL −1 ) was injected into the flow cell. Upon stabilization of the signal, the setup was flushed with buffer solution to remove any unbound material. The time-dependent temperature profile and TWTA for an E. coli SIP are shown in Figure  3 . The addition of analogue cells to the flow cell leads to a decrease in T 2 , which can be readily reversed by flushing with buffer (Figure 3a) , which corresponds to the results that were obtained previously. 39 However, upon addition of E. coli K12 cells the signal does not fully return back to baseline and stabilizes at an intermediate value. Addition of target cells further decreases the signal to a minimum, after which the signal stays constant upon flushing with buffer ( Figure 3a) . These findings are confirmed by TWTA, indicating that the other strains do not cause a phase shift in the transmitted wave compared to the input wave, but exposure to both the analogue E. coli K12 and the target E. coli cells results in a measurable phase shift with a maximum being achieved in the latter case (Figure 3b) . A similar experiment on an E. coli K12 SIP confirms these results (Figure 3c,d) . 
Article In addition to these experiments, SIPs were imprinted for each of the bacteria under study and exposed consecutively to target and analogue bacteria. The data, summarized in Supporting Information, S2, indicate that no cross-selectivity is observed in similar experiments using these SIPs. The results of these experiments combined with the findings from Figure 3 are summarized in Table 2 .
Sensor Performance in a Complex Matrix: A Model Study. The results described in previous sections indicate that the sensor platform is able to selectively discriminate between various types of bacteria in buffer in a quantitative manner. However, the performance of the setup was assessed only in solutions containing either analogue or competitor bacteria. When aiming at on-site bacterial detection and identification, one can imagine that a real-life sample would contain an excess of competitor molecules and cells in addition to a trace amount of the target. Therefore, a S. aureus SIP was chosen for a progressive enrichment experiment exposing the SIP to a mixture of bacteria containing S. aureus in the presence of an excess of eight nontarget bacteria (1:99 ratio with a total concentration of 1 × 10 7 CFU mL
). The SIP was exposed to the mixture five consecutive times; flushing with buffer between each of the exposure events removed any unbound bacteria from the receptor layer.
The time-dependent temperature profile is shown in Figure  4a . To validate TWTA as a measuring technique for SIP-based bacteria detection, HTM was used as a reference technique. To this extent, the thermal resistance (R th ) was calculated from the temperature profile according to the formula
with T 1 being the temperature of the copper block underneath the sample (black curve in Figure 4a ), T 2 the transmitted temperature measured inside the flow cell (red curve in Figure  4a ), and P the power over the adjustable heat source. The thermal resistance data are shown as the black curve in Figure  4b with the red line corresponding to a median filter that was applied as a guide to the eye. To visualize the effect of progressive enrichment more clearly, the saturation level of the R th response was calculated for each exposure cycle (consisting of cell exposure followed by flushing) by dividing the net effect size after flushing by the maximal effect size upon addition of the mixture to the flow cell. These results indicate that the net signal gradually increases with each exposure cycle until the limit of detection is reached after four to five exposure runs. The limit of detection value is indicated as the dashed line in Figure 4b and is defined as 3 times the maximal error on the R th signal throughout the measurement (the 3σ method). The TWTA data show a similar trend. The net phase shift observed in the transmitted wave after each exposure cycle increases gradually, and after the third exposure cycle, the signal reaches the limit of detection. Proof of Application: Detection of Bacteria in Urine. The model study presented in the previous section demonstrates that the sensor would be able to detect bacteria in relatively low concentrations despite the presence of other bacteria in the same sample, illustrating both the selectivity of the SIP and the sensitivity of the TWTA transducing principle. However, the presence of a wider variety of proteins and chemical compounds present in patient samples could severely interfere with the noise on the signal and the rebinding of bacteria to the SIP layer. To further examine this problem and to illustrate a possible application for the sensor in terms of infectious disease diagnosis, clean urine samples of a healthy individual were obtained and spiked with increasing concentrations of E. coli in an analogous manner to the dose−response experiment described earlier. Prior to injecting the spiked urine samples, the signal was left to stabilize for 60 min in clean urine. After each addition, the signal was allowed to stabilize and the temperature profile and phase shifts were recorded. Between each addition the sensor was regenerated by rinsing with 70% ethanol and clean urine. The results of this experiment are shown in Figure 5 .
The results in Figure 5 illustrate that the temperature inside the flow cell decreases (Figure 5a ) and the phase shift of the transmitted wave (Figure 5b ) increases as a function of an increasing concentration of E. coli in a manner similar to the experiment performed in buffer. However, at low concentrations the temperature drop and phase shift are less pronounced, whereas the signals already saturate at concentrations >1 × 10 5 CFU mL −1
. The dose−response curve can also be fitted using a sigmoidal dose−response function, but due to a higher amount of noise on the sample the limit of detection in urine is only 3 × 10 4 CFU mL
.
■ DISCUSSION
The results shown in Figure 2a confirm that binding of bacteria to the SIP layer will lead to an increase in thermal resistance. Bacteria will partially block the heat flow through the SIP layer, which results in a decreased temperature inside the flow cell, which cannot be reversed by flushing with buffer. These findings are in accordance with the previously demonstrated concept of HTM-based bacterial detection. However, the drawback associated with HTM is the high amount of noise on the thermal resistance signal, which limits the sensitivity of the proposed platform. 35−39 Therefore, the authors used a novel detection technique based on the propagation of a thermal wave, the so-called thermal wave transport analysis or TWTA principle. The data in Figure 2b illustrate that a thermal wave will experience a delay when propagated through the sample. This observed phase shift will increase as a function of the concentration of bacteria present in the measuring chamber. This might be explained by the fact that the increase in thermal resistance, previously observed by HTM, 39 will also result in a delayed propagation of the thermal wave through the sample, which can be registered by TWTA. The results summarized in Figure 2c ,d were used to determine the LoD of the methodology at 1.01 × 10 4 CFU mL −1 . These findings imply that TWTA is advantageous over HTM as sensitivity is improved by at least a factor of 2 in comparison to the previously reported LoD for a HTM-based bacterial detection platform. 39, 43 The data summarized in Table 1 show that the technique can be used to detect at least nine different bacterial strains in a quantitative manner. Furthermore, the absolute concentration-dependent response is similar for all species and strains under study, which could be beneficial for calibrating the sensor in the future.
The experiments summarized in Figure 3 and Table 2 show that the proposed platform is able to discriminate between different bacterial strains in a remarkably selective manner. However, a moderate degree of selectivity is apparent in Figure  3 when trying to discriminate between two different E. coli strains. In this case, the analogue cells will bind to the microcavities on the SIP surface and cannot be fully washed out by rinsing the layer with buffer, as evidenced by the
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Article intermediate phase shift observed upon an exposure cycle with the analogue strain. In previous work, it was demonstrated that SIP-based recognition in polyurethane is influenced by the presence or absence of certain sugar moieties on transmembrane proteins. 36 This might explain the observed crossselectivity between both strains as their protein expression patterns will be more similar in comparison to that of different bacterial species. Although it is possible to distinguish between both E. coli strains in this experiment in buffer, the observed cross-selectivity might be troublesome when trying to selectively screen for one specific bacteria strain in a complex matrix or a real-life sample and would require optimization of the synthesis and imprinting protocol. On the other hand, the selectivity limit can also be beneficial for routine screening of environmental samples as it implies that it is not necessary to synthesize a SIP for each individual strain of the same bacteria.
The model study in Figure 4 illustrates the sensor's performance in a complex matrix. Due to the excess of competitor bacteria in the mixture, only a small amount of target bacteria can bind to the SIP. Therefore, both the response in thermal resistance and phase shift are less pronounced. As the number of exposure events increases, the response gradually increases and eventually reaches the limit of detection level. As the noise on the signal for HTM is significantly higher, the LoD is reached only after four or even five consecutive cycles, whereas a measurable signal that can be regarded as significant is already apparent after two to three cycles when using TWTA as a measurement technique. These findings indicate that due to the low amount of noise on the thermal wave, the development of the TWTA principle can be considered as a valuable advance in thermal bacterial identification.
Although the sensor's performance in a bacterial mixture indicates that the sensor is able to identify bacteria in the presence of an excess of competitor species, natural samples are often more complex than buffer in terms of chemical composition. Bacterial identification in spiked urine samples appears to be more difficult when the results in Figure 5 are analyzed. The sensitivity of the device in urine is about 3 times lower and the signal saturates more rapidly, narrowing the dynamic range of the device. However, these results indicate that the platform can be used for, for example, a fast, on-site diagnosis for urinary tract infection. To date, a definitive diagnosis for UTI usually requires a positive urine culture. As urine is an excellent culture medium for most aerobic microorganisms, ≥10 5 CFU mL −1 for most infecting bacterial species should be isolated from the urine for most UTI patients. 41, 42 ■ CONCLUSION The sensor platform that was developed within this study was shown to be able to detect up to nine different bacterial strains in buffer with a remarkable degree of selectivity. The experiments performed in this work do not merely describe a follow-up study of a concept that has been developed recently but also introduce a novel sensing principle, the so-called thermal transport analysis method or TWTA. The results obtained in the sensitivity experiment clearly demonstrate that TWTA is advantageous over the previously developed sensing technique in terms of sensitivity and response time. In addition, a first proof of application is provided, illustrating the sensor's performance in urine samples. Future research opportunities will be focused on further optimizing this novel readout technique by, for example, tuning the parameters controlling the transmitted wave, redesigning the flow cell, and electronic noise reduction to achieve a higher degree of sensitivity and to further increase the response time.
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